Abstract Determination of the cracking levels during the crack propagation is one of the key challenges in the field of fracture mechanics of rocks. Acoustic emission (AE) is a technique that has been used to detect cracks as they occur across the specimen. Parametric analysis of AE signals and correlating these parameters (e.g., hits and energy) to stress-strain plots of rocks let us detect cracking levels properly. The number of AE hits is related to the number of cracks, and the AE energy is related to magnitude of the cracking event. For a full understanding of the fracture process in brittle rocks, prismatic specimens of granite containing pre-existing flaws have been tested in uniaxial compression tests, and their cracking process was monitored with both AE and high-speed video imaging. In this paper, the characteristics of the AE parameters and the evolution of cracking sequences are analyzed for every cracking level. Based on micro-and macro-crack damage, a classification of cracking levels is introduced. This classification contains eight stages (1) crack closure, (2) linear elastic deformation, (3) micro-crack initiation (white patch initiation), (4) micro-crack growth (stable crack growth), (5) micro-crack coalescence (macro-crack initiation), (6) macro-crack growth (unstable crack growth), (7) macro-crack coalescence and (8) failure.
Introduction
Understanding the cracking levels such as crack initiation, crack propagation and crack coalescence in rocks allows us to have a better understanding of the rock behavior. This information will eventually provide good input data for numerical analyses of geotechnical engineering projects. Thus, it is important to establish the thresholds associated with micro-scale and macro-scale cracking (Brace 1964; Bieniawski 1967a; Waversik and Fairhurst 1970) .
Various methods have been proposed to identify cracking levels by using laboratory test results and numerical simulations. Researchers have tried to divide the stress-strain plots of rocks, tested in uniaxial and triaxial laboratory experiments, into critical stages so called cracking levels. Based on the stress-strain behavior of rocks Brace (1964) and Bieniawski (1967a) defined these stages as (1) crack closure (2) linear elastic deformation, (3) crack initiation and stable crack growth, (4) critical energy release and unstable crack growth, and (5) failure and post-peak behavior. The most common methods that researchers have used to detect the cracking levels during laboratory compression loading involves the use of electric resistance strain gauges to measure slight changes in specimen deformation that can be related to the closing and opening of cracks (Eberhardt et al. 1998) .
Researchers have suggested that the crack initiation observed in laboratory compression tests provides a good estimate of the operational spalling strength observed in hard brittle rocks around underground openings (Diederichs 2007; Andersson et al. 2009; Martin and Christiansson 2009; Rojat et al. 2009 ). Damjanac and Fairhurst (2010) suggested that crack initiation may also be used as a lower bound estimate for the long-term strength threshold of crystalline rocks. Other researchers suggest that crack initiation related to the Kaiser effect (will be discussed later) can be used to establish the in situ state of stress (Seto et al. 1999) . Nicksiar and Martin (2012) proposed that the ISRM (International Society for Rock Mechanics) suggested methods be revised to include procedures suitable for establishing the crack-initiation stress.
The methods for detecting crack initiation have utilized either the volumetric strain or the lateral strain (Brace et al. 1966; Bieniawski 1967b; Lajtai 1974; Stacey 1981) , and have been modified by various researchers (Martin and Chandler 1994; Diederichs 2007; Nicksiar and Martin 2012) .
It has been shown that crack initiation is difficult to identify from the volumetric strain method, particularly if the specimen already contains a high density of cracks. On the other hand, analysis of the laboratory tests revealed that the lateral strain versus axial strain is nonlinear and therefore applying this approach is problematic (Andersson et al. 2009; Nicksiar and Martin 2012) . As a result, a certain degree of subjectivity may be introduced by picking the cracking levels using lateral and volumetric strain curves.
Other techniques involve the use of photoelastics, optical diffraction patterns, scanning electron microscopy, laser speckle interferometry, ultrasonic probing, and electrical resistivity and AE techniques (Eberhardt et al. 1998; Diederichs et al. 2004) .
Following Griffith (1921) , it has been widely accepted that the failure process of brittle rocks is controlled by preexisting flaws. As a result, several studies have been done by the MIT rock mechanics group for detecting crack initiation, propagation and coalescence of brittle rocks containing pre-existing flaws. In these studies, the determination of cracking levels and types (shear/tensile) was based on the identification of fractographical features and on high-speed images of the cracks (Bobet and Einstein 1998; Miller and Einstein 2008; Wong and Einstein 2009a, b) . They found crack initiation in the form of white patches around the flaw tips. Using environmental scanning electron microscopy (ESEM) and photographical monitoring of images, they qualitatively related this white patching to the development of micro-cracks. Obviously, this approach is limited. The front surface of each specimen is the only part observed directly. Hairline cracks on the front face may be through-going or they may just be on the surface (Miller 2008) .
AE can be used to detect and locate cracks as they occur, across the entire specimen. By using AE analysis, crack initiation within the specimen (surface or volume) can be investigated. By comparing the results of the AE with highspeed camera images, the time between a crack developing and a visible crack propagating can be found, as well as the energy involved in cracking and the size of the fracture process zone.
Correlating parameters of the detected AE signals with a growing crack is considered to be a very good tool to investigate cracking sequences of materials under stress. AE parametric features are extracted and provide good information about the failure behavior of materials, and they help to estimate the evolution of cracking process. AE techniques have been used widely in rock mechanics, but up to now, they were not much used to explore the initiation, propagation and coalescence of brittle rock containing fissures. Eberhardt et al. 1998 tried to determine crack initiation stress thresholds of intact rocks by using a moving point regression technique to the stress-strain data and an examination of the changes in the acoustic event properties with loading. However, the insignificant AE activity in the crack initiation stages made it difficult to differentiate between the background noise and the cracking-source acoustic events (Nicksiar and Martin 2012) .
The objective of this paper is to demonstrate AE as a technique for detecting cracking levels in rocks. To this end, prismatic specimens of granite containing pre-existing flaws were tested under uniaxial compressive loading. By correlating AE parameters with the stress-strain response of the tested rocks, cracking levels can be identified, especially micro-cracking and macro-cracking.
Experimental Procedure
Samples tested in this research are Barre granite specimens that were cut from blocks of a quarry in Vermont (Adam's Granite Company Inc.). Barre granite's mineral content typically consists of approximately 36 % plagioclase, 32 % quartz, 18 % K-feldspar, 8 % biotite, 3 % muscovite, and 3 % granophyres minerals (Goldsmith et al. 1976) . It is a fine to medium grained rock with mineral grain sizes ranging from 0.25 to 3 mm (Xia et al. 2008) . The material properties of Barre granite are presented in Table 1 .
The prismatic specimens (6 9 3 9 1 in; *152 mm 9 *76 mm 9 *25 mm) were usually cut with a diamond saw. The pre-existing flaws (length 2a = 0.5 00 (*13 mm), where a is the flaw half length) were always (Miller 2008) Compressive strength (MPa) 151 (Miller 2008) Tensile strength (MPa) 5.08-10.65 (Goldsmith et al. 1976) P-wave velocity (m/s) 4000 cut into the specimen using an OMAX water jet. The flaw pairs are defined by flaw inclination angles (b), bridging angles (a) and ligament lengths (L) (Fig. 1) . A geometry of 2a-30-30 means that it has ligament length = 0.5 00 (*13 mm), flaw inclination angle = 30°and bridging angle = 30°.
A total of 11 granite specimens were tested for this study. Figure 2 displays a granite specimen with the position of the attached AE sensors.
The specimens were uniaxially loaded in a 200-KIP BaldwinTM hydraulic loading frame. The data were collected with a program called MTestW, which records the load, displacement and time electronically. Each specimen was loaded at a slow initial rate to eliminate seating effects [0.0017 in/s (*0.4318 mm/s) to 1000 lb (*4448 N), then 0.003 in/s (*0.762 mm/s) to 2500 lb (*11120 N)], after which loading continued at a constant rate, 38.34 lb/s (*170.54 N/s), until failure or the manual stopping of the test (Brooks et al. 2013) .
High-speed imagery was captured using a Phantom TM V-series high-speed camera controlled by a separate laptop computer. This high-speed camera captures approximately 5404 images in 1.081 s at 512 9 512 pixel resolution. The high-speed camera was electronically connected to the loading frame, which detected failure by a significant drop in load and thus triggered the high-speed capture. The test was also videotaped in real time with a SonyTM Camcorder. Steel brush platens were used on the specimen boundaries to reduce end effects. A photograph of the test setup is shown in Fig. 3 . Figure 4 displays the photo of a granite specimen (AE-GR-2a-30-30) before and after the test.
AE Signal Detection

AE Signal Path
The path that an AE signal takes from the source to the PC monitor consists of: material, material boundary, coupling, sensor, cable, pre-amplifier and data acquisition (DAQ) system. Along this path some phenomena such as attenuation, reflection, refraction and mode conversion change the shape and the properties of the original signal. Although Barre granite is homogeneous and isotropic and the distance between sensors and the source in the tested specimens is short (maximum 150 mm), it is believed that still some changes may happen in the shape of the AE signals, while they pass through the material. The small size of the specimen and its prismatic shape may cause signal reflection so that the resulting detected signal will be a superposition of the directly propagating signal from the source, along with all reflections. Depending on the size and complexity of the geometry, the superposition of these signals can produce a resultant waveform that is different from that caused by the original source. The reflection phenomenon is almost inevitable for all AE laboratory tests. That's why for source mechanism using AE testing, the focus is mostly on the arrival parts of the signals rather than the whole signal. Another important factor affecting the shape of the detected signals is the type and the thickness of the coupling used between sensors and the surface of the specimen. For minimizing the effect of coupling on the AE signals a thin adhesive superglue was used to attach the sensors perfectly to the specimens. Nevertheless, the efficiency of the coupling was verified by pencil lead break (PLB) and auto sensor testing (AST). demonstrates how a single source may be detected differently by sensors located in different places. This is due to the aforementioned phenomena occurring for the signal through its path (attenuation, reflection, mode conversion, effect of coupling etc.).
With regards to low frequencies, below 20 kHz, ambient noises interfere with measurement of signals with low amplitudes. For high-frequency signals, attenuation problems are encountered since they decay much faster. In the current setup resonant sensors, R6I-AST integral preamplifier from Physical Acoustic Cooperation (PAC), with operating frequency range of 40-100 kHz and resonant frequency of 55 kHz were used.
The pre-amplifier is required since the voltages from the sensors are low and would acquire too much noise if the signal is sent directly to the DAQ. The boost from the preamplifier is expressed similarly to sensor sensitivity as dB = 20logG, where G is the gain factor. A common amplification of 40 dB was used which corresponds to 10 40 20 ¼ 100 times. Thus, signal conditioning at or near the sensor is necessary to allow transmission to and detection by the DAQ system. For this purpose, low noise preamplifiers are usually placed at a cable distance of no more than 1.2 m from the sensors. In this study, PAC 2/4/6 preamplifiers with 20, 40 and 60 dB gain ranges were used.
The two common DAQ setups are continuous-based streaming (for continuous signals) and hit-based streaming (for burst signals). In the continuous streaming method, the system registers everything and therefore consumes significant memory space. As a result, the analysis can become more difficult due to extreme volume of data. The user then defines the hits from the continuous data file and calculates the parameters. Since rock fractures produce burst type signals, hit-based method is used mostly. In this method, the system saves as much information as is reasonably required, and therefore the technique is cheaper in cost and in storage space. The user must define the threshold in which a balance must be struck between setting signal threshold limits high enough to filter out the majority of the background noises, yet low enough to pick up the beginning of the microfracturing process (Eberhardt et al. 1998) , though there are certain mechanical and hydraulic noises which have broad spectral content like cracking related acoustic emission events. The DAQ system was a lSAMOS with 16 channels. The AEwin software with hit-based mode was used for acquisition of the AE parameters and registering the waveforms. AE hardware was set up with a threshold of 35 dB, preamplification of 40, sampling rate of 3 MSPS, sample length of 3 K and a band-pass filtration of 20-400 kHz.
When arrival signal passes the threshold, the sensor detects it and the exact time of arrival in test time is recorded. When the signal amplitude reaches a maximum and starts to decline, the DAQ card notes the maximum amplitude, and waits an additional peak definition time (PDT) to see if the previous signal amplitude is exceeded (Fig. 6) . If it is, the measurement continues. If there is no higher amplitude signal within the PDT, the previous amplitude is defined as the peak amplitude. As the signal continues, the card always records the time of the last threshold crossing. If there is no further crossing within the hit definition time (HDT), the last recorded time defines the end of the signal. If signal never goes under the threshold within the HDT, the system continues registration of the waveform until a certain time period (Max duration) and then it automatically defines the end of the signal.
After either HDT or Max Duration has been reached, the DAQ card waits until the HLT (hit lockout time) expires. At this point, the DAQ card is reset and ready to acquire the next signal. The HLT time prevents the channel from treating a reflection of the first signal as a new emission.
However, an excessively long HLT time can prevent the capture of rapidly occurring emissions. Simultaneously with these time measurements, the card is also digitizing the signal and storing it, in case waveforms are desired. In this study by considering all of mentioned issues, PDT, HDT and HLT were set as 300, 800 and 1000 lsec. Different max duration setups were considered that will be discussed later.
Each cracking produces an AE event. Every sensor individually detects the AE event as an AE hit. In this study, the maximum number of hits corresponding to an AE event can be 8 which is related to the number of used sensors.
AE Parameters
In addition to recording the number of acoustic hits and correlating this number to the measured deformation response in the rock, it is also possible to record certain properties of the AE waveforms. Common parametric features of the waveforms employed for evaluating AE characteristics are hits, amplitude, counts, duration, energy and rise time. Frequency domain features such as peak frequency and frequency centroid are also determined from the fast Fourier transform FFT of the recorded waveforms. Figures 7 and 8 show the common AE features in the time and frequency domains. Table 2 lists the AE parameters of the waveforms displayed in Fig. 5 . It can be seen in Table 2 that same event may produce different hits in the sensors depending on the path that the source signal takes from the event source to the sensor.
Considering all of the mentioned problems, one may think of AE as a technique that suffers from many Amplitude is the highest peak voltage of the signal, counts are the number of times that the signal crosses the threshold, duration is the time interval between the first and the last threshold crossing, rise time is the time interval between first threshold crossing and the signal peak and energy is the area under the envelope of the signal obstacles. It is true, when the AE results need to be analyzed quantitatively. In other words, if a quantitative analysis is done on the AE results, all of the mentioned problems must be taken into account. But if a qualitative analysis such as monitoring cracking trend or cracking sequences is required, even with distorted signals due to attenuation, reflection and so on, one may get interesting results, specifically if the results are double checked with another technique. In this paper, the efficiency of the AE results will be verified by high-speed camera images.
Classification of Cracking Levels
The number of AE hits is proportional to the number of growing cracks, and the energy of the AE signals is proportional to the magnitude of cracking event in materials (Lockner 1993) .
Figures 9 shows the rate and cumulative plots of the AE hits of the detected signals versus the applied uniaxial stress normalized by the peak strength. As will be shown and discussed in this section, different cracking levels can be observed by parametric analysis of the AE signals. These levels are:
1. Crack closure. 2. Linear elastic deformation. 3. Micro-crack initiation (white patch initiation). 4. Micro-crack growth (stable crack growth). 5. Micro-crack coalescence (macro-crack initiation). 6. Macro-crack growth (unstable crack growth). 7. Macro-crack coalescence. 8. Failure. Figure 10 depicts these cracks levels in the stress-strain plot.
To further study the cracking process in granite specimens, photographic monitoring was adopted during the uniaxial compression tests. On the basis of the photographic monitoring results, the real-time cracking sequences of specimens were identified and characterized. For every loading increment, a photo of the specimen was taken and by putting a trigger in the high-speed camera, the moment of failure was filmed. Moreover, the corresponding axial stress and strain of cracking levels in the specimens were also obtained. Figure 11 displays the photographs of the sample for each cracking level.
In the following, the stress-strain curves, AE parametric analysis and photographical monitoring with high-speed camera images are used to interpret what is happening during every cracking level.
Crack Closure
The stress-strain graph is the best tool for observing this cracking level. Crack closure occurs during the first stages of loading when pre-existing cracks oriented at an angle to the applied load close. During crack closure, the stressstrain graph is nonlinear, displaying an increase in axial stiffness (level 1 in Fig. 10 ). The extent of this nonlinear section depends on the crack density and geometrical characteristics of the crack population (Eberhardt et al. 1998) . AE parameters show some activity in this part (stage 1 in Fig. 9a ). It should also be noted that some of this AE Fig. 8 Peak frequency is the point where the power spectrum is greatest and frequency centroid is the center of mass of the power spectrum graph activity comes from the loading rate changes in this part. At the end of this stage the initial increase in acoustic emissions (related to crack closure and other system effects) gradually drops off. Checking the high-speed camera photos did not reveal any significant information about this stage.
Linear Elastic Deformation
Once the majority of pre-existing cracks have closed, linear elastic deformation takes place in the stress-strain graph (level 2 in Fig. 10 ). In this part, AE signals show constantmagnitude AE activity (stage 2 in Fig. 9a ). From Fig. 9b , it can be seen that the slope of the cumulative AE graphs is linear in stage 2, indicating a constant AE activity. Again in this stage, the high-speed camera photos did not reveal any significant information. Fig. 9 Plots of a AE hits rate (per second) and b cumulative AE hits versus the applied uniaxial stress normalized by the peak strength for the granite specimen AE-GR-2a-30-30. 1 Crack closure, 2 linear elastic deformation, 3 micro-crack initiation (white patch initiation), 4 micro-crack growth (stable crack growth), 5 micro-crack coalescence (macro-crack initiation), 6 macro-crack growth (unstable crack growth), 7 macro-crack coalescence and 8 failure Fig. 10 Axial stress (MPa) vs. axial strain (%) and cracking levels for the granite specimen AE-GR-2a-30-30. 1 Crack closure, 2 linear elastic deformation, 3 micro-crack initiation (white patch initiation), 4 micro-crack growth (stable crack growth), 5 micro-crack coalescence (macro-crack initiation), 6 macro-crack growth (unstable crack growth), 7 macro-crack coalescence and 8 failure Eberhardt et al. (1998) stated that during the elastic deformation period, the lateral stiffness begins to decrease; possibly signifying shear or sliding movement between the faces of closing or closed cracks. This behavior has been observed in glass plates by Bieniawski (1967b) who noted that the sliding deformation demonstrated by single closed cracks continues even during linear elastic behavior.
Micro-Crack Initiation (White Patch Initiation)
At level 3 in Fig. 9a , the acoustic emissions are different as an increase in AE hits occurs at 30-40 % of peak strength. This behavior has been detected in almost all granite samples tested in this study.
To fully understand this change, the AE energy of the signals was measured. Plots of the AE energy and its stressdependent rate change (Fig. 12) show that the AE energy does not, or only slightly increase after level 3. It could be said that at level 3, a large number of small cracks (corresponding to high number of AE hits in Fig. 9a ) begin to grow; however, because of their low AE energy, they have very little effect in decreasing the overall competency of the rock.
Checking high-speed camera photos (Fig. 11a ) revealed that some white patches appeared near or at the tips of the flaws parallel to the axial loading direction. Other researchers from the MIT rock mechanics group (Wong and Einstein 2009a, b) ; Morgan et al. 2013 ; Brooks et al. 2013) have been able to interpret these white patches as zones of micro-cracks based on SEM investigations. White patches were detected at around 40 % peak strength, which is somewhat later than what was detected by AE parameters (around 35 %). This may be due to the heterogeneous nature of granite's mineral composition that makes it difficult to identify micro-crack initiation using photographic monitoring. Another possibility for this delay is that high-speed camera photos were taken from the surface of the specimen, while micro-cracking may start from inside. This means that micro-cracks have already been initiated, and that it takes a while to be detected by high-speed camera imaginary, whereas with AE they are detected right after initiation. Among cracking levels, this level has been investigated by many researchers. They have simply called it as 'crack initiation' without any differentiation between micro and Fig. 12 Plots of a AE energy rate (per second) and b cumulative AE energy versus the applied uniaxial stress normalized by the peak strength for the granite specimen AE-GR-2a-30-30. Numbers indicate cracking levels. Note that there is no significant difference between AE energy peaks before and after micro-crack initiation (level 3) Fig. 13 AE hits rate and axial stress versus time of the test for the granite specimen AE-GR-2a-30-30. The arrows and the numbers show that there is a time interval between macro-crack coalescence (level 7) and failure (level 8) macro-cracks. The early work of Brace et al. (1966) showed that the crack initiation for granite, marble and aplite occurred between 0.3 and 0.7 of the peak strength. More recently, Nicksiar and Martin (2014) showed that crack initiation was observed in all 376 specimens of low porosity rocks tested in compression. They showed that the ratio of crack initiation stress to uniaxial compressive strength remained well constrained at approximately 0.45 ± 0.06.
Cracking level 3 detected by AE monitoring (Fig. 9 ) is in good agreement with the findings of these studies confirming it as crack initiation point. On the other hand, this point coincides with white patch initiation in photographical monitoring of high-speed camera images, which are believed as zones of micro-cracks. Therefore, this point can be called 'micro-crack initiation'.
Micro-Crack Growth (Stable Crack Growth)
High-speed camera images of the specimen after microcrack initiation revealed that micro-cracks appear in the form of white patches and, for the most part, are isolated from one another. As micro-cracks increase, both in number and size, they eventually begin to interact with one another.
Level 4 in Fig. 9 shows constant-magnitude peaks in the hits rate graph and a constant increase in the cumulative hits graph. On the other hand, level 4 in Fig. 12 demonstrates that the energy of the AE signals in both the rate and cumulative graphs is almost constant and does not change a lot. This continual constant increase of AE activity after micro-crack initiation can be indicative of 'stable crack growth'.
Micro-Crack Coalescence (Macro-crack Initiation)
At 70-80 % of the peak strength, the rate of the AE hits increases dramatically and the slope of the cumulative graph increases sharply (level 5 in Fig. 9 ). This indicates the transition from a micro-cracking-dominated process to a process dominated by the propagation of a few large cracks, revealed by the occurrence of a high amount of AE energy (after level 5 in Fig. 12 ). Other researchers (Eberhardt et al. 1998; Diederichs et al. 2004; Nicksiar and Martin 2012) have called this point 'crack damage'. With photographic monitoring of the granite specimen (Fig. 11b) , macro-cracks were detected at 74 % peak strength which corresponds well to the results of AE detection. From high-speed camera images, it can be seen that the initial macro-cracks are also produced near or at the tip of the flaws and parallel to the axial loading.
Macro-Crack Growth (Unstable Crack Growth)
As the load is increased, additional cracks begin to grow, incrementally contributing to the degradation of the inherent rock strength. This is evident in the AE data that show increasing bursts of AE activity (level 6 in Figs. 9, 12) . Previous studies have defined unstable crack propagation as the condition that occurs when the relationship between the applied stress and the crack length ceases to exist and other parameters, such as the crack growth velocity, take control of the propagation process. Under such conditions, crack growth continues even if the applied load is kept constant (Brace 1964; Bieniawski 1967a; Waversik and Fairhurst 1970) .
Macro-Crack Coalescence
Macro-crack coalescence is defined as the point where macro-cracks connect. At this point, a significant drop occurred in the amount of AE hits (level 7 in Fig. 9a ) and the rate of the cumulative hits plots inclines to zero (level 7 in Fig. 9b ). This phenomenon may partially happen during macro-crack growth (level 6) but it happens mostly during macro-crack coalescence (level 7). When the rate of cracking is high, two cracks in the rock may occur together so that the second hit from the second crack passes the threshold while the first hit is still being measured. This caused overlapping of the hits. This problem does not let the system to define the waveform based on HDT, instead based on the max duration. Another phenomenon that may cause overlapping of the hits is reflections of the signals. Close to the failure point, the reflections of the signals are strong enough to pass the threshold so that they overlap with the next coming hits within the HDT and therefore the system is again forced to define the hit not by HDT but by cutting it based on max duration. This drop in the number of hits happened even after reducing the max duration as law as 3 ms, equal to the time length of the registered waveform (file length/sampling rate).
In these cases, the number of hits will decrease, because hits are overlapped instead of being detected individually. Fig. 15 Plots of hits rate (per second) and cumulative hits versus the applied uniaxial stress normalized by the peak strength for the granite specimen AE-GR-a-45-60 for its second loading stage. Due to Kaiser Effect, the specimen shows micro-crack initiation at 60 % peak strength instead of 40 %. The numbers indicate cracking levels
On the other hand, the duration, counts, energy and signal strength will be approximately the sum of those of the contributing signals. Blocking the traversing path of the AE signals by macro-cracks may also reduce the signal detection rate and causes a drop in the hits rate graph. It should be noted that though this overlapping behavior happens for brittle rocks, however, it may not be seen in non-brittle rocks. If loading rate is considerably low, this phenomenon may not happen either.
To have an idea about the time difference between macro-crack coalescence and failure, the AE hits and axial stress are plotted versus time for the granite specimen AE-GR-2a-30-30 in Fig. 13 . The results reveal that there is a time interval between the 'macro-crack coalescence' point and failure. This means that the specimen does not break right after the macro-crack coalescence.
At this stage, macro-cracks propagate unstably in different directions to the axial loading (parallel and oblique) and finally coalesce (Fig. 11c) . Using photographic monitoring, macro-crack coalescence was detected at 92 % peak strength, which corresponds well to the results of AE detection.
Failure
After coalescence of the macro-cracks, the specimen does not yet fail. This is mostly caused by friction between the crack surfaces that are typically jagged in shape (saw- Fig. 16 High-speed camera images of the granite specimen AE-GR-a-45-60 at different crackling levels. (Morgan et al. 2013) . When the applied load overcomes both cohesion and friction of the grains adjacent to the crack surfaces, the specimen cannot resist any longer and falls apart (Fig. 11d) .
Discussion
Materials show zero AE activity or close to the background level as long as they remain below the largest previously experienced stress value. As this memorized stress is reached, the AE activity increases. This phenomenon is known as Kaiser Effect (Lavrov 2003) . The Kaiser effect may mask the micro-crack initiation threshold of rocks (Diederichs et al. 2004) . If crack initiation stress is lower than the previously experienced stress, because of the Kaiser Effect, the rock specimen does not show AE activity and the crack initiation point is shifted to a higher stress value. To show how Kaiser effect changes the micro crack initiation point, a granite specimen (AE-GR-a-45-60, Fig. 14) that had been already loaded up to 60 % of its peak strength was tested again but this time until it failed. Figure 15a shows AE hit rate vs normalized axial stress for the second loading. As Fig. 15a , displays, the specimen did not show distinct AE activity in the 30-40 % peak strength that was considered as micro-crack initiation point for the specimen AE-GR-2a-30-30 (Fig. 9a) , discussed in previous sections. Instead it showed the micro crack initiation at around 60 % of peak strength due to Kaiser Effect. This phenomenon was confirmed after checking the high-speed camera images of the specimen (Fig. 16) . Figure 17 shows the rate and cumulative graphs of the AE energy for the granite specimen AE-GR-a-45-60. It can be seen that in the contrary to the first specimen (Fig. 12) , Fig. 17 Plots of energy rate (per second) and cumulative energy versus the applied uniaxial stress normalized by the peak strength for the granite specimen AE-GR-a-45-60 for its second loading stage. Due to Kaiser Effect, the specimen shows micro-crack initiation at 60 % peak strength instead of 40 %. The numbers indicate cracking levels the second specimen shows an increase in the Energy rate and cumulative graphs right after micro-crack initiation (level 3). This indicates that rocks may start micro-cracking due to Kaiser Effect lately but if they start cracking, they generate signals with higher energies. In other words, due to Kaiser Effect, rocks preserve their cracking energy until they pass the previous experienced stress and then they release it faster than usual.
Conclusions
Cracking processes in granite were investigated with a combined analysis of AE parameters, photographic monitoring and stress-strain behavior. Based on the obtained results, the following conclusions can be reached:
• Eight different cracking levels have been identified in this paper. These are: (1) Crack closure, (2) linear elastic deformation, (3) micro-crack initiation (white patch initiation), (4) micro-crack growth (stable crack growth), (5) micro-crack coalescence (macro-crack initiation), (6) macro-crack growth (unstable crack growth), (7) macro-crack coalescence and (8) failure.
• Crack closure may or may not be present in the stressstrain response as it depends on the number of preexisting cracks in the samples being tested. Nevertheless, some AE activity may occur because of specimen set up.
• AE signals show some activity during linear elastic deformation. This specific AE activity may be related to shear sliding of the pre-existing crack surfaces proposed by Bieniawski 1967b.
• Over several years, micro-crack initiation has been simply known as 'crack initiation' without any differentiation between micro-and macro-cracks. Combined use of acoustic emission and photographical monitoring revealed that this point is better described as 'microcrack initiation'.
• Coalescence of the micro-cracks produces macrocracks. The macro-crack initiation is detected very well by a sharp increase in the AE parameters.
• It is believed that superimposition of the AE hits who come to the sensor together or in a very short time interval along with the reflections of the signals cause the system to define the hits based on max duration rather than HDT. It means that several hits may be registered as one single hit. Macro-cracks block the traversing path of the AE signals, and therefore signals on the other side of the crack may not be detected. These phenomena decrease the number of the hits in crack-coalescence point. As a result, AE hits show a drop at macro-crack coalescence and the slope of the cumulative hits graphs trends to zero.
